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ABSTRACT: We studied the interaction of four new penta-peptides with spherical silver nanoparticles. Our findings
indicate that the combination of the thiol in Cys and amines in Lys/Arg residues are critical to providing stable protection
for the silver surface. Molecular simulation reveals the atomic scale interactions that underlie the observed stabilizing
effect of these peptides, while yielding qualitative agreement with experiment for ranking the affinity of the four penta-

peptides for the silver surface.

= INTRODUCTION

The interaction between proteins and silver nanoparti-
cles (AgNPs) has been demonstrated to play a pivotal role
in the nanomaterial's biocompatibility, and ultimately, its
antimicrobial performance.'” Proteins,>>%’ peptides,*®
and free amino acids’ can be used to control the structure
of AgNPs during synthesis and improve their stability un-
der a variety of conditions, and similar techniques have
been applied to other metals, such as gold.!° However, the
mechanism(s) that underlie such stabilization as well as
the exact role of various amino acid moieties remains elu-
sive. The binding affinity of a given peptide for particular
crystal facets of the metal appear to mirror the peptide's
ability to control nanoparticle synthesis and enhance sta-
bility.!"!> Thus, understanding peptide binding to Ag sur-
faces may yield insight on peptide-mediated growth and
stabilization of AgNPs. Both experiment and molecular
simulation have revealed'>!'* atomic-level details of bind-
ing between peptides and Ag surfaces. In particular, sim-
ulations predict high affinities of Arg, Cys, and Met resi-
dues for the Ag{111} facet. However, cooperative effects
over larger portions of the peptide sequence have long
been known to be essential in determining affinity for
metal surfaces,'>!® and peptides selective for Ag sur-
faces'’ further demonstrate that the affinity is not deter-
mined solely by individual amino acids, but also by the
conformational statistics of the peptide as determined by
its sequence.'®

Furthermore, there is increasing interest in better under-
standing the biological impact of silver nanoparticles, re-
sulting in an escalating number of proof-of-concept toxi-
cology investigations, overlooking the key role of the sur-
face composition on biological activity, and the long-term
effects of AgNPs.!” Thus, for example, despite the fact
that Cys has been experimentally identified as a key resi-
due in the interaction of proteins with metallic silver, the
precise role of this amino acid remains unclear.?’ Re-
search by members of our team using a capping agent-
friendly synthetic route for the preparation of AgNPs, has
revealed that lysine (Lys) groups in human serum albumin
are key in stabilizing AgNPs.> More recently, we have
also found that adding a terminal Cys residue to the LL37
peptide improves its affinity for AgNPs.* This is con-
sistent with the high affinity of Cys for AgNPs, which has
been used for Cys detection in biological fluids.?! Better
understanding of the mechanism of interaction will pro-
vide valuable synthetic tools to further advance the design
and engineering of new materials for biomedical applica-
tions. Thus, in the present work, we have combined ex-
periments with molecular simulation to study the post-
stabilization effect and synthesis of AgNPs by using four
different penta-peptides that were specifically designed to
elucidate the relevance of thiol and amine moieties as
capping agents for AgNPs. In designing the peptides, we
have used a non-charged spacer between the amino ter-
minal and the center aminoacid; Leucine. Thus, the core
structure of the peptide comprised X’LX’RS, where the



aminoacid X’ could be Cys or Serine, while X"’ could be
Lysine or Phenylalanine. The terminal RS provided a
zwiterionic pair conferring aqueous solubility.

= MATERIAL AND METHODS
Chemicals and reagents

Silver nitrate (AgNO3), trisodium citrate, 2-hydroxy-1-
[4-(2-hydroxyethoxy)phenyl]- 2-methyl-1-propanone (I-
2959), sodium nitrate, and dimethyl sulfoxide (>99%)
were purchased from Sigma-Aldrich. Otherwise indi-
cated all aqueous solutions were prepared using Milli-Q
water (18.2 MQ-cm).

Synthesis of penta-peptides

Peptides with sequences (CLKRS, SKFKS, SLFRS,
SLKRS, CLFRS) were synthesized on a Symphony auto-
mated peptide synthesizer (Protein Technologies Inc.,
Tucson, AZ, U.S.A.) using standard fluorenylmethox-
ycarbonyl (Fmoc) chemistry. HCTU (ChemPep Inc.,
Wellington, FL, USA) was used as the activating reagent.
In a 50 pmol scale synthesis, Fmoc-L-SER (TBU)-PEG-
PS resin (Applied Biosystems, Life Technologies Europe
BV, Sweden) was used along with four-fold excess of
amino acids in each coupling. The resulting peptides were
cleaved from the resin by treatment with a mixture of tri-
fluoroacetic acid (TFA), water and triisopropylsilane
(TIS) (95:2.5:2.5 v/v; 10 mL per gram of polymer) for 2
h at ambient temperature. They were then filtered and the
TFA evaporated. Afterward, the peptides were precipi-
tated by the addition of cold diethyl ether, centrifuged and
lyophilized. Purification was done using reversed-phase
HPLC on a semi-preparative C-18 column (Grace Vydac,
Helsingborg, Sweden) and peptide identity was con-
firmed by their MALDI-TOF spectra (Voyager-DE ™
STR Biospectrometry™ Workstation, PerSeptive Biosys-
tems) (607.0097, 596.6995, 609.1758, 591.0264,
626.6903 for each peptide respectively).

Synthesis of citrate@AgNPs

Citrate@AgNPs were prepared by methods similar to
that described in the literature.**2* Briefly, a deoxygen-
ated (30 min N») aqueous solution containing 0.2 mM
AgNO;3, 0.2 mM 1-2959, and 1.0 mM sodium citrate was
irradiated with UVA light (8 lamps, in a Luzchem LZC-4
photoreactor at 25.0 = 0.5°C) for 30 min. The reaction
evolution was monitored at the plasmon absorption band
(397 nm). Absorbance spectra were recorded in a Libra
S50 UV—Vis spectrophotometer (Biochrom, Cambridge,
UK) at room temperature, employing 1.0 cm pathlength
cuvettes.

Transmission electron microscopy (TEM) images

Samples for electron microscopy were prepared by de-
livering ~5.0 ul of solution to carbon-coated copper grids

(400 mesh) and dried in a vacuum system for three days.
Electron microscopy images were taken in a JSM-7500F
FESEM from JEOL Inc., operating in the transmission
mode (TEM) at 15 kV. Nanoparticle mean size was cal-
culated from TEM imaging by using ImageJ software'?
from measuring >400 individual particles from different
areas in the grid.

Effect of penta-peptides on AgNPs

The effect of the peptides was assessed by adding mi-
croliter volumes of stock solutions of the peptides, in
DMSO (1.0 mM), to freshly prepared citrate capped
AgNPs. The addition of the peptides was carried out at
room temperature and in blind experiments. The absorb-
ance between 350-800 nm measured in a Libra S50 UV-
Vis spectrophotometer (Biochrom, Cambridge, UK) at
room temperature, employing 1.0 cm pathlength plastic
cuvettes. Experiments were carried out in duplicate for
four different batches of AgNPs to minimize batch-to-
batch variability. Control experiments adding DMSO
only did not show any changes in the surface plasmon
band of the AgNPs. In all cases pH of the solution was
found in the range of 5.0-5.5.

Stopped-flow measurements for CLKRS binding

The binding dynamics studies were performed on an
Applied Photophysics SX20 stopped-flow system in the
absorbance mode for the measurements of the kinetics
over 20 s. Two solutions of CLKRS having concentra-
tions of 1.0 and 2.0 uM were prepared in deionized water
(> 17.8 MQ cm) from a stock solution of CLKRS in
DMSO. Control solutions were also prepared with equal
concentrations of DMSO in water without the peptide.
The samples were mixed in a 1:1 volume ratio in the mix-
ing chamber that halved the initial concentrations of the
samples that are mixed. The temperature of the samples
was kept at 20 °C throughout the experiment. The path-
length of the light through the sample was 2 mm.

The absorbance kinetics for the mixing of AgNP with
CLKRS was recorded on stopped-flow at 400 nm and 450
nm where the absorbance shows a decrease and an in-
crease respectively. For each concentration of CLKRS
and the monitoring wavelength, 16 traces were collected
There is a progressive increase in the initial absorbance
value for a particular concentration of CLKRS possibly
due to aggregation of NPs and thus scattering of light.
Figure S4 shows the 16 stopped-flow traces obtained for
each experiment.

A Cary 100 spectrometer from Varian was used to col-
lect the kinetics over 50 min using the same stock solu-
tions as for the stopped-flow experiments. Both kinetic
experiments were performed on the same day.

Generation of atomistic models



The molecular structures of all the penta-peptides were
constructed and optimized using Chimera® software. The
Ag{111} surface was constructed with a lattice parameter
of 4.165 A according to the model of Hughes et al.,"
which is the product of extensive quantum mechanical
calculations. This model includes charged virtual parti-
cles rigidly bonded to each silver atom to model polariza-
bility,%® as well as virtual interaction sites on the surface
that ensure adsorption is most favorable directly atop sur-
face silver atoms and not between them. All silver atoms
carried charges of —0.308e, while the rigidly attached vir-
tual particle carried the opposite charge. Water molecules
were placed above and below the Ag{111} surface giving
equilibrium height of ~4.8 nm along the z axis. The sim-
ulation box was periodic along all three axes. The size of
the simulation box in the xy plane was chosen to form
supercells of the exposed crystal facets, giving a surface
area of 3.7 nm”. All the systems were assembled using
VMD 1.9.2 software.”’

Molecular Dynamics Simulations

All simulations were executed in the molecular dynam-
ics software NAMD 2.10*® and employed the standard
TIP3P water model used by the CHARMM force field.
The temperature and pressure were maintained at 300 K
and 101.325 kPa (1 atm), respectively, by the Langevin
thermostat and Langevin piston* methods. The area of
the systems was fixed in the xy plane and the Langevin
piston acted only along the z-axis. A smooth 0.8-0.9 nm
cutoff of van der Waals forces was employed. Electro-
static interactions were computed via the particle-mesh
Ewald algorithm?® with a mesh spacing of < 1.2 A. The
length of covalent bonds involving hydrogen atoms were
constrained®'*> to the values prescribed by the
CHARMM force field. The equations of motion were in-
tegrated using a multiple timestepping scheme®® with
steps of 2 fs for short- and long-range interactions. For
each adsorbate (CLKRS, SLKRS, CLFRS, SLFRS and
citrate) system, we performed 2000 steps of energy mini-
mization followed by 100 ps of equilibration before be-
ginning the free-energy calculation. VMD 1.9.2 was used
for visualization and molecular renderings.?’

Free-energy calculations

Using as a starting point equilibrated systems, the adap-
tive biasing force**>¢ method was applied to calculate the
free energy as a function of two transition coordinates:
Z = z(peptide)—z(Ag) to sample the distance from the pep-
tide to the Ag surface, and {= z(res5)—z(res1) to sample
the orientation of the peptide relative to the surface, as
was described in detail in Fig 2A,B. The adaptive biasing
force method was implemented through the Colvars mod-
ule’” of NAMD 2.10.%® With the goal of further improving
sampling, we employed the multiple-walker adaptive bi-
asing force scheme®3? with five walkers and force sam-
ples synchronized among the walkers every 5000

simulation steps. The first and second collective variables
(Fig 2 a,b) were respectively sampled using a single win-
dow on the intervals 4 <z < 16 A and -10 < < 10 A for
a simulated time of 800 ns totaled over the five walkers
for each peptide. Two additional windows on —16 < {<—
8 A and 8 << 16 A were run for 100 ns each to complete
the sampling. On the other hand, given the reduced con-
formational phase space of the citrate ion and its smaller
size as compared to the peptides, only a single collective
variable (Z) was needed to obtain sufficient conforma-
tional sampling during 500 ns. Fig. S5 shows the two-di-
mensional potential of mean force plots for each peptide
(A-D) and the conformations of the peptides adsorbed to
the Ag{111} surface associated with the global free-en-
ergy minima (E-H).

Synthesis of CLKRS capped AgNPs

CLKRS capped AgNPs were prepared in a manner sim-
ilar to that described in the literature for peptide and pro-
tein capped AgNPs.>*#° Briefly, to a deoxygenated (30
min Ny) aqueous solution containing 0.2 mM AgNO3 and
0.2 mM 1-2959, microliter volumes of CLKRS were
added to achieve final concentrations of the peptide be-
tween 0.5 and 10 uM and the solution was further purged
for another 30 min prior irradiation with UVA light (8
lamps, in a Luzchem LZC-4 photoreactor at 25.0 + 0.5°C)
for 30 min. The reaction evolution was monitored at the
plasmon absorption band (400-420 nm). Absorbance
spectra were recorded in a Libra S50 UV—Vis spectropho-
tometer (Biochrom, Cambridge, UK) at room tempera-
ture, employing 1.0 cm pathlength cuvettes. Additionally,
X-ray photoelectron spectroscopy measurements were
carried out in a Kratos analytical model Axis Ultra DLD,
using monochromatic aluminum Ko X-rays at a power of
140 watts, where the presence of metallic silver was ob-
served with its peak centered at binding energies of 366.0
eV similar to the reported by us in the preparation of col-
lagen capped AgNPs.?

= RESULTS AND DISCUSSION

Synthesis of novel penta-petides. Initially, we as-
sessed the effect of adding peptide concentrations be-
tween 0.1 to 5.0 uM, which is within range where proteins
like HSA and type I collagen to provide protection to the
surface of spherical AgNPs (4.7+2.0 nm in diameter).>?
Fig. 1a shows that CLKRS, CLFRS, and SLKRS modi-
fied the surface plasmon band (SPB) of AgNPs, to differ-
ent extents. Changes in the SPB can be interpreted as a
consequence of changes in the nanoparticle surface com-
position and the data shown in Fig. 1a suggest displace-
ment of citrate from the AgNP’s surface by the peptides.
Note that no measurable changes in SPB where obtained
for peptide SLFRS, see Fig. S1.

Absorption of penta-peptides onto AgNP. When the
changes in the absorption intensities at 400 and 430 nm;



wavelengths that are markedly affected by peptide addi-
tion, shown in Fig. 1a are plotted as a function of the pep-
tide concentrations (Fig. 1b): CLKRS is the peptide that
most affects the SPB of AgNPs, followed by CLFRS and
SLKRS. Interestingly, the hydrodynamic size of AgNPs
is increased up to 14 nm with 1.0 pM CLKRS (p<0.01),
while for the other peptides it remained practically
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unchanged. We attribute the changes in size to a more ef-
ficient replacement of citrate by CLKRS, which could
lead to forming a corona arrangement around the nano-
particle surface.
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Figure 1. (a) Representative absorption spectra for changes in the surface plasmon band of AgNPs as a function of the peptide
concentration for (top to bottom); CLKRS, CLFRS, and SLKRS. Insets show the AAbsorbance for the plasmon band measured
at different concentrations of the peptides. (b) Changes in plasmon absorption of AgNPs at 400 and 430 nm, left and right,
measured at different peptide concentrations. Data shown correspond to average values obtained using five different batches
of AgNPs. Blind experiments were carried out in all cases. Error bars correspond to standard error. (c) Average kinetic traces
at 400 nm ([CLKRS] = 0.5 uM (i) and 1.0 uM (ii)) and 450 nm ([CLKRS] = 0.5 pM (iii) and 1.0 pM (iv) collected for 50 min

or as shown in the inset within the first 20 s.

Dynamics of the binding process. Since the extent of
SPB modification observed for CLKRS is comparable to
the extent obtained using proteins or larger peptides,>* we
decided to further study the mechanistic features of this
binding using this peptide. Thus, we assessed the effect of
10 mM sodium citrate, 10 times more citrate that what is
shown in Fig. la, on the SPB changes upon CLKRS ad-
dition, where practically no changes on the SPB were ob-
served, see Fig. S2a. Note that such changes were not ob-
served upon addition of 10 mM NaNO3, which rules out
contribution of ionic strength, Fig. S2b. The reversibility
of peptide capping was also evaluated. For this purpose,
we displaced the pre-bound peptide from the AgNPs by
adding higher concentrations of citrate (up to 15 mM,

which is 7,500 times the peptide concentration, see Fig.
S3), where it can be seen that 15 mM sodium citrate is
required to replace the bound CLKRS from the AgNP sur-
faces. Kinetic stopped-flow studies were performed with
a focus on establishing the time scales for citrate displace-
ment by CLKRS, where several processes were observed
(Fig. 1c). After an immediate increase in absorbance at
400 and 450 nm, a decrease in absorption was observed
at 400 nm over a time scale of 20 s, while an increase
occurred at 450 nm (inset Fig. 1c), which parallels the
changes seen for the absorption spectra (Fig. 1a), suggest-
ing that this process corresponds to the replacement of
citrate by CLKRS (Fig. S4). The displacement kinetics
are not coupled because the apparent half-lives calculated



for the amplitude at 20 s are different for the decrease at
400 nm and the increase at 450 nm ((¢12 (400 nm) =2.8 +
0.6 s and #12 (450 nm) = 0.6 = 0.1 s for [CLKRS]= 0.5
uM, average from individual traces see Table S1 in the
Supporting Information). This result suggests that more
than one type of process occurs in the displacement pro-
cess leading to different changes in the absorption spec-
tra. The absorbance changes continue beyond 20 s, (Fig.
1c) and the rate and time for maximum absorbance de-
pend on the CLKRS concentration. The decrease in ab-
sorbance at both wavelengths seen at longer times could
be attributed to the formation of less stable CLKRS co-
rona aggregate around the AgNPs. Note that nanoparticle
aggregation could be also responsible for changes in the
SPB, however under our experimental condition, we did
not observe any light scattering, which is characteristic of
aggregate formation. The displacement of citrate occurs
on the time scale of seconds to minutes, with an initial
fast phase followed by slower exchange. This illustrates
the complex nature of capping agent replacement, where,
for example, corona formation might be taking place. In-
terestingly, the formation of this corona around the nano-
particle, improves the overall stability of the nanoparti-
cles in higher ionic strength media like NaCl, as seen in
Fig. S5.

Overall, the differences observed between the peptides
point to different binding modes, and energies, on the na-
noparticle surface. To further characterize these binding
modes and energies, we carried out molecular dynamics
simulations and free-energy calculations.

Molecular simulation and free energy profiles for
binding of penta-peptides with AgNPs. Molecular dy-
namics simulations coupled with free-energy calculation
techniques were performed with the aim of unveiling the
binding mode of a series of peptides on AgNPs at the
atomic level. The low free energy of the Ag{111} facet
makes the 111 facet likely to be a significant motif on the
AgNPs surfaces.*! Thus, we approximated the AgNPs
surfaces using the Ag{111} surface model of Hughes et
al."® Fig. 2d shows an example of the models of peptides
used in the molecular dynamics simulations, which were
performed with explicit solvent in atomistic detail. The
free-energy calculations were performed using the adap-
tive biasing force**>* technique to determine the free en-
ergy as a function of two transition coordinates. The first
transition coordinate, Z, characterized the distance be-
tween the surface and the peptide and was defined as the

distance between the center of mass of the peptide and the
plane passing through the center of the silver atoms in the
first layer of Ag atoms (Fig. 2b). Despite the apparent
simplicity of the penta-peptide—Ag{111} simulations, the
determination of the systems’ free-energy as a function of
one transition variable (Z) is not altogether trivial, and
previous calculations exhibited poor sampling using a
conventional single collective variable (Z). In previous
work, Replica Exchange with Solvent Tempering* has
been shown to yield improved conformational sampling
of peptides at inorganic interfaces. Here we use another
approach to enhance sampling while also disambiguating
the free energies of different conformational states.** We
subjected both Z and a second transition coordinate, , to
the multiple-walker adaptive biasing force method.**3’
This second coordinate captured the orientation of the
peptide relative to the surface and was defined by the dif-
ference in the z coordinates between the centers of mass
of residues numbers 5 and 1 (Fig. 2¢).

Fig. 2d shows the two-dimensional free-energy land-
scape (potential of mean force) calculated for the peptide
CLKRS. To clarify the meaning of this plot, Fig. 2e—j il-
lustrates typical conformations of the peptide in six dif-
ferent regions of the free-energy landscape. The high-af-
finity areas (blue) correspond to conformations in which
the peptide can interact most strongly with the Ag{111}
surface. The global free-energy minimum for CLKRS oc-
curs when Z=6 A and (=2.5 A (Fig. 2f), wherein side-
chains of Cysl and Arg4 make contact with the surface.
The broad favorable region near label H is associated with
Cysl and Lys3 side-chains at the surface. Favorability in
this region of the 2D potential of mean force is signifi-
cantly reduced when lysine is changed to phenylalanine
(Fig. S6), leading to an overall reduced affinity of CLFRS
versus CLKRS (see below). The interaction between the
thiol group of Cysl and Ag{111} appears particularly sta-
bilizing, as most of the lowest free-energy configurations
include Cys—Ag contact (Fig. 2e—i). Interestingly, the
marginally favorable region near Z=12 A and (=12 A
corresponds to conformations where the COO™ terminus
of the peptide binds not to the Ag{111} surface itself, but
to the ordered water layer just above. Interaction with the
water layer has been observed in previous work using the
Hughes et al. force field.!"> The 2D potentials of mean
force for the other peptides are shown in Fig. S6.
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Figure 2. Molecular simulation of peptide adsorption to an Ag{111} surface. (a) Example of the molecular dynamics models.
Water is shown as a transparent blue surface while silver atoms are shown as gray spheres. The peptide is represented as green
spheres for each residue, with the first residue highlighted in red. For clarity, the atomic details of the peptide are not repre-
sented. The additional particles (for polarizability and atop adsorption) of the Hughes et al., model of Ag{111} are likewise
suppressed. (b) Diagram of the Z transition coordinate, which is the distance between the center of mass of the peptide and the
plane passing through the first layer of silver atoms. (c¢) Second transition coordinate, {: the difference in the z coordinates
between the centers of mass of residue 5 and 1. (d) Two-dimensional free-energy landscape for the peptide CLKRS. (e—j)
Typical conformations of this peptide corresponding to the letters marked in the free energy plot (Fig 2d).

The 2D potentials of mean force can be integrated to
yield more easily interpretable 1D free-energy profiles,
which are shown in Figure 3A. For comparison with ex-
periments including sodium citrate, we have also calcu-
lated a 1D potential of mean force for citrate®", a citrate
ion with all carboxyl groups fully deprotonated. In all
cases, the free energy reaches a plateau for distances be-
tween the surface and peptide >13 A, while at short dis-
tances, the free energy grows rapidly because the adsorb-
ate (peptide or citrate®”) is sterically prevented from pen-
etrating the surface. Free-energy minima on the interval
5<7<7.5 A are evident for all adsorbates and represent the
most favorable distance of the center of mass of the ad-
sorbate from the surface. Strong interaction with the cys-
teine thiol group favors contact with the surface even
when the center of mass of the peptide is relatively far
from the surface, as is exemplified in Fig. 2i. These fa-
vorable interactions are responsible for the relatively low
free energies apparent in Fig. 3a for the cysteine contain-
ing peptides CLKRS and CLFRS at distances Z>8 A,

while interactions with the other peptides remain mar-
ginal at these distances. The peptides SLKRS and SLFRS,
as well as citrate®”, exhibit relatively weak adsorption
compared to the peptides CLKRS and CLFRS.

To further distill the simulation results, we estimated
standard binding free energies in the dilute limit between
the adsorbates and AgNPs of sizes similar to those ob-
served in experiment (4.7 nm diameter). Following Shoup
and Szabo,** we calculated the standard equilibrium con-

stantas K= Ci fob dZ e PV® where 4 is the area of the
0

nanoparticle, co is the standard concentration (1 mol/L),
the limits of the integral define the distance interval where
the system is considered bound, f=1/(ks7) is the inverse
thermal energy, and w(Z) is a free-energy profile like
those shown in Fig. 3a. The value 4 was taken to be that
for a spherical nanoparticle with a diameter of 4.7 nm,
similar to those observed in the experiments. We chose
b=10 A; however, any reasonable choice of the upper
limit of the integral, b, would yield essentially identical



results.* The standard Gibbs free energies for binding should be exp[-B(AG(CLFRS)-AG(CLKRS))]=61% at
each peptide and citrate® to an AgNP, computed as AG® = equal bulk concentrations of peptide in the low surface-
-kgTInK, are shown in Fig. 3b. CLKRS binds most coverage limit. In rough agreement with this ratio, at pep-
strongly to the Ag{111} surface, followed by CLFRS. tide concentrations of 1 uM, Figure 1b shows that the ab-
Although the changes in absorbance shown in Figure 1b sorbance at 400 nm in the presence of CLKRS is roughly
are not rigorously proportional to changes in the surface 68% that at in the presence of CLFRS. All peptides except

density of peptide, they provide an approximate indica- SLFRS show significantly stronger binding than citrate*~
tion that the results of the calculations are reasonable. For , consistent with the displacement of citrate ions by these
instance, the calculations give AG values of -3.39 and - peptides shown in Fig. 1 and Fig. S1.

3.68 kcal/mol for CLFRS and CLKRS, respectively. This
implies that the ratio of adsorbed CLFRS to CLKRS
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Figure 3. Free-energy of peptide:AgNPs binding from molecular dynamics simulation. (a) Free-energy profiles along the
single transition coordinate Z for the citrate™ ion and the peptides considered in this work. (b) Estimated AG for binding of
the peptides or citrate ion to a 4.7 nm diameter AgNPs.

We then explored the ability of the three peptides, to act CLKRS produces spherical nanoparticles as shown in
as capping agents for unprotected AgNPs. To this end, we Fig. 4c. Transmission electron microscopy (TEM) images
prepared AgNPs using a photochemical approach we had for the AgNPs prepared using different concentrations of
previously used for the synthesis of biomolecule capped the CLKRS, see Fig. 4c, see Fig. S7 for representative

AgNPs.2*% This synthetic approach allows the produc- images, indicate that the average diameter for the nano-
tion of unprotected Ag atoms that will nucleate to form particles decreased as the CLKRS concentration in-
larger nanocrystals. The reduction of ionic silver occurs creases from 45 to 5.7 nm for 0.5 and 5.0 uM CLKRS,
upon reaction of a photogenerated ketyl radical with respectively, see inset Fig 4c. This figure also shows the
Ag(I).? If no protecting agent is added into the mixture, nanoparticle size distribution obtained for CLFRS at 1.0
unstable AgNPs are formed which spontaneously aggre- uM, where a broad size distribution is clearly observed.

gate/oxidize. Fig. 4a shows that uniquely CLKRS is ca- Although the size of AgNPs obtained when using CLKRS
pable to produce stable AgNPs. Those particles have a does not compare to that obtained for citrate protected
maximum absorption = 415 nm. This maximum shifts to AgNPs, inset Fig. 4¢ (p<0.0001), we observed that the na-

a shorter wavelength when the peptide concentration is noparticle diameter can be finely tuned from 45 to 5.0 nm
increased to 10 uM (401 nm). Fig. 4b shows the time pro- by simply varying the peptide concentration from 0.5 to
file for AgNPs SPB formation as a function of the irradi- 5.0 uM. Those changes in size with the peptide concen-
ation time for various concentrations of CLKRS from 1.0 tration can be interpreted in terms of changes in the nano-
to 10 uM. Since a direct comparison between the curves particle growing 2 as similar to the reported by us in the
is not possible as they present different absorption max- formation of AgNPs using LL37-SH as capping agent.*

ima, we can a priori infer, from the initial slopes region
(see inset Fig. 4b), that AgNPs are formed at similar rates
at 2.5 and 5.0 uM CLKRS. Synthesis of AgNPs using
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Figure 4. (a) Absorption spectra for AgNPs prepared using sodium citrate, CLKRS, CLFRS or SLKRS as capping agents.
Spectra obtained after 10 min UVA irradiation of an aqueous solution containing 0.2 mM AgNOs, 0.2 mM 1[-2959 and the
chosen capping agent. (b) Changes on AgNPs surface plasmon band maximum as a function of the irradiation time, obtained
using different concentrations of CLKRS. Inset shows the dependence of the initial slope region, highlighted inside a red box
in the plot, at different CLKRS concentrations. (c) Size distribution histograms for AgNPs prepared using 1.0 and 2.5 uM
CLKRS. The histograms obtained using sodium citrate 1.0 mM or CLFRS 1.0 uM are also included. Images in the plot corre-
spond to representative TEM images for the samples. Inset: Plot bar for average nanoparticle diameter obtained from TEM
measurements for AgNPs prepared using CLKRS (0.5 to 10 uM) and sodium citrate 1.0 mM. Average sizes were calculated
from measuring > 100 individual particles in different areas of the grid. Blind samples were used in all cases. Error bars
correspond to the standard deviation. Confidence p values from t-tests are p<0.0001 (*) and p>0.1 (**).

= CONCLUSION

We have identified a new high affinity five amino acid
sequence for post-stabilization and capping of AgNPs;
CLKRS. Further, the peptide can be used as a capping
agent for nascent AgNPs; by simply varying the peptide
concentration between 0.5-5.0 pM, one can produce
spherical AgNPs with sizes ranging from 45.0 to 5.0 nm.
Kinetic studies with CLKRS showed that citrate replace-
ment is complex with more than one species being formed

and with kinetic processes occurring in the seconds to
minutes time scales. In addition, by using molecular dy-
namics simulations, we learned that the presence of an
amine terminal cysteine plays a pivotal role for the strong
interaction of the peptides with the metal surface. How-
ever, cooperative effects among the amino acids were also
evident; for example, simulations revealed that CLFRS,
relative to CLKRS, lacked a particular low free-energy
region in configuration space and was associated with the



reduced efficacy of CLFRS as a capping agent as deter-
mined experimentally.
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